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3 HEAT-TRANSFER COEFFICIENTS FOR AIR FLOWING
IN ROUND TUBES, IN RECTAIIGULAR DUCTS, AND
t- AROUND FINNID CYLINDERS
By Roger E, Drexel and Williem He. MoAdams

SUMMARY

This report reviews published date and presents some
new date,.

The available data for heat transfer to alr in straight
duots of rectanguler snd circular oross section have been
ocorrelated in plots of Stanton number versus Reynolds number
to provide a background for the study of the data for finned
oylinders, Eguatlions are recommended for both the streamline
and turbulent regions, and deta are presented for the transi-
tion region between turbulent and laminar flow. Use of hex-
agonal ends on round tubes causes the characteristics of lamw
inar flow to extend to high Reynolds numbers.

Averege coefficients for the emtire fimned cylinder have
been calculated from the average temperature at the base of
the fins and an equation which was derived to allow for the
effectiveness of the fins,

Heat~trensfer coeffioclients for similer typlecal fins are
in good agreement evem though different test techniques and
methods of heating were used. The surface ocoeffloiemt of
heat transfer is a complex function of a number of variables,
suoch as width, spacing, and shape of the fing; the mass ve-
looity of the alr; the nature of the surface; and the design

. of theg baffles,. The test data cover, although-incompletely,
the ranges of turbulent end leminar flow, and the intermedi-
ate transition region, The effeots of warying the spaoing
and width of the fins are irrcgular. Iecause of these compli-
ocations it is impossible to correlate all thease results by an
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equation and it 1s believed that further data aro needed,
The availeble results for each finned cylinder are corre-
lated herein in terms of graphs of Stanton number versus
Reynolds mmber, In general, for a given Reynolds number,
the Stanton number increeses with inoreeses in both spacing
and width of the fins, and is apparently independent of
oylinder diemeter and temperature difference,

For a given coefficient of heat transfer improved baf-
fles and rough or wavy surfaces give a substantial reduction
in pumping power per unlt of heat tranafer surface and a
somewhat smeller decreese in pressure drop.

INTRODUCTION

The rational design of air-coolod finned cylinders re-
quires the computation of heat trensfer and pressure drop,
as related to various design variebles and operating condi-
tions, Pressure drop is treated in numerous references; for
exomple, pressure drop for sea-level conditions and a variety
of finned cylinder designs are given in referemnce 1, end the
offect of altitude is treated in references 2 and 3 and in
a report by F. H, Irdmen, W. [Y. S. Riche:us, K. Campbell,
and R, W, Young, Wright Acronautical Corporation, July 1943,
Consequently pressure drop will not be treated in the presont
study excopt in connection with certein new deta discussed
hercin, Deslgn conditions, which mey effect tho coefficient
of heat transfer from the metal surfaces to the air stream,
include factors such as cylinder diemeter, width and spacing
of the fins, roughnoss of thoe surface, and the type and ex-
tont of thc baffles or jmokets, The surface heat-transfer
coefficient from metal to alr mey also depend on opereting
oonditions, such as mass velocity and tamperature difference,
fExtenslve data as to thoe effect of coertair of theso factors
had been obtainod by various workers but wero reported in a
numobcr of diffcrent ways, making it diffiocult to compare the
various sets of published results,

Tho objoots of this investigation are to collect the
oxisting data for hest-trensfor coofficlents for blower-cooled
finned cylindors, to seloct a suitable common basis of com=
parison, to ascertaln any discrepancios whiech oxist, and to
dotermine the effects of the soveral factors on the heat-
treansfer coefficients. This study excludos tosts made with
oylindors cxposed to a froe stroam with unknown velocity
through tho passagos betwoen the fins,
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Sinco the alr palisagbs on a finned cylinder are curved
duots, date for straight ducts of rootangular and oiroular

- aross seotion are correlated for ocomparison with those for

the finned oylindors, The data for stralght passages are
alao of interest in the design of ocertain types of airoraft
heat oxochangers,

The cooperation of Pratt and Whitney Alroraft, Harrison
Radiator Division of General Motors, and Gameral Electrio,
in meking available heretofore unpublished data, 1s appro=
olatoed.

This investigation, oconducted at tho Massachusetts
Instituto of Tochnology, was sponsorod by and oonductod

with the finenocial assistance of the National Advisory Com=
mittoe for .ieronautios,

B8YMBOILS

A arce of heat transfer swrface, square inchos

&  (2h/xt)°°%, inches

c corroction factor in equation for offectivonoss,
dimensionless:

Gc for ourvaturo
Cp for tapor
o specifioc heat at constant pressure, Btu/pound °F
D dismotoer, inches:
Dy diameter at baso of fins
D,, oquivalent dimmetor & 4 (cross seotion)/(perimeter)
Dh' diaemeter of helix
d -profix indjcating differential quantity

E pumping powor per unit surface basod on ovor-all pres-
sure drop, foot-pounds per hour por squaro foot




RACA ARR No. 4F28

height of. elamentary protuberance charaoterizing rough-

ness or waviness of surface, inches

mass velocity, pounds/hour square inch of total cross
section

mass veloeity, pounds/hour square inch of minimum
oross section

acoeleration due to gravity, 1nohes/hour 3

surface goefficient of heat tranmsfer, Btu/hour square
inch °F

h,, based on arithmetic mean AT
hy, based on initial AT
h;, based on logarithmic mean AT
hy, based on local AT .
h', as defined in reference 37
heat-trensfer factor, (h/bG)(oH/k)aAa dimensionless

heat-trensfer factor, (hL/bG)(cp/IJ aﬂs' dimensionless

dimensional constant, defined by the relation
U/oG = KA![""':'/a

thermal conductivity, Btu/hr squave inch OF per inch

nominal length of gas travel, inches

rate of heat tramsfer, Btu/hour

radius, inches:
Ry, at base of fins

ratlo of oross section of duct to that of air passapes
around cyl-.nder, dimensionless:

Tps based cn duct section &t front of model

r., based on duot section at rear of model
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d

ocross section of air passages around oylinder, square
inches

mean spacing hetween fins, inches:
8p» at base of fins
mean thickneas of fin, lnoches:
ty at tip of fin
air stagnation temperature, °F
I, at inlet
'.|'.'a at outlet
mean surface tamperature of fin, °F
mean wall temperature at base of fin, °F
apparent coefficient of heat transfer based on mean

difference in temperature between fin base and air,
and area of fin base, Btu/hour square inch

mass rate of flow of air, pounds per hour
width (radial length) of fin, inches:
w aw + (ty/2)

product of dimemsionless ratios used in converting
between hy, hj, end by:

Xy = (hg/0G)(A/S)
X3 = (hy/o0)(4/5)
X, = (by/0G)(4/8)

correction factor to allow for effect of curvature of
coil on h, dimemsionless:

Y = 1 4 (3.6 Do/Dp)
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Dimensionless Groups (Consistent Units)

-A/S Ratio of heat treusfer surface to oross section of
alr passage

DG/p Reynolds mumber

h/oG Stanton number:

h g8 (Fali)
e X A
hD/k Nusselt number
D2 ppog BAT
iﬁi;;_ﬂ__ Grashof numbe.'
ol
Greek

a portion of half cylinder covered by baff'le or jacket,
degress:

ap, degrees covered on front quarter
oy, degrees covered on rear quarter
B volumetric coefficient of expamsion of ges, taken as
reciprocal of temperature in °F absolute, for per- .

fect gases

Ap over-all drop in pressure, expressed ln inches or
centimeters of water, as specified

AT difference in tenperature between metal and gas, ©F:
ATy, based on arithmetic mean .
AT,', based on equation (8)
AT4, based on initial air and mean surface
ATy, based on logaritlmic mean

AT, , mean temperature difference in general
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ATy, based on t;utlet air and mesn surface

ATy, based on air and surface at exit
L] effectiveness of fin, dimensionless

B visconity, pou.nds/hqur inch; divided velues from graph
of p wversus T by 12

p density of air, pounds/inohes’

Pays based on (T) + T3)/2
Pgos» based on standard conditioms (70° F and normal
barometer)

®  product of terms defined in eguation (5)

Note: In meny of references cited, the coefficients of heat
transfer were given in the rather umusual units of British
thermal units per hour per square inch per degree Fahremheit,
The retention of these units for the coefficients, and the
desire to koeep symbols the seme as in the bread field of heet
transfer, foroed the specification of rather unusual units

for several quantitlies. The units given in the foregoing will
produce the correct values of the several dimemsionless ratios,
put if desired the latter may be evaluated by employlng cone
slstently the technical system of units, based on pounds force,
pounds matter, feet, hours, degrees Fahrenheit and British
thermal units,

HBEAT TRANSFER IN STRAIGHT DUCTS
Annlysis

At present heat-transfer correlations are based on
theoretical analyses, analogies between friotion and heat
transfer, and empirical equations based on test data. Re=
gardless of the basis, the pertinent equations or ocurves
are generally expressed in terms of dimensionless groups
usually Nusselt mumber (hDg/k) and Reynolds number (DeG/. o
There are a number of reasons for correlating the Stanton
aumber (h/oPG) instead of hDg/k, 4n terms of DgG/p (ref-

_ erenoce 4),
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1, The stanton number is numeriocally equal to an appara-
tus constant (S/A) times the temperature rise of the fluid
divided by the temperaturs difference:

h =GScP(TB-I_l)=S Tg= T, (1)
oG o@ A AT A AT

end consequently tho caloulation of h/bPG does not involve
specific heat or mass velocity.

2. The only property of the fluid which must be known
+n oaloulete both terms in this type of ocorrelation 1s the
viscosity for which accurate values are avalilable,

3. This method of correlation accentustes eny changes
in the heat-transfer coefficloant due to ci.ange in type of
fluid flow.

4, In the turbulent renge, as the Reynolds number is
varled, the Stenton mmbser chenges less than the Nusselt
number

Throughout this report Stanton numbers are used instead
of Nusselt numbers.

It is well known, reference 5, that other dimensionless
groups oan affect the correlation. The groups cpt/k and
either Bg/ W or g/ are used to allow for varietion in
the properties of the fluid; geometriocal ratios L/Dg eand
e/be introduce the dimensions of the apperatus and roughness
of the test surface; the Grashof number allows for effects of
natural convection. In general, a correlation involving a
number of fluids and surfaces and a wide range of operating
variables must include many of these groups. If the corre-
lation is to be restricted to a single gas such as air, the
Prandtl number cpH/k and the viscosity ratio ﬂg/h may be
omitted for prectical purposes,

This oomplex situation for flow in round tubes is treated
In detall in referemnce 4, For substantially imcompressible
turbulent flow of air in round tubes, the data of many workers
lead to the dimensionless correlation (reference 6):
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-~ 0.2
2. = 0.028 ) (2)

e op(} .

which is also used (reference 6) for flat duots by substi-
tuting D, for Ds The effect of highly compressible flow,
of importence at high al!.titudea, is treated in reference 6,

Assuming undistorted parabolic distribution of velocity
for streamline flow, with heat transfer only by radial con-

duction, mathematical analysis for constant wall temperature
(reference 7) shows that (hy/o G) (I/D,) is a series funotion

of tho group ofDg /k.L €= (py 6/1s) (op whk) (Dg/L)] eas showmn
in figure 1,

The function for air in round tubes can be epproximated
by the following peir of equations (reference 7):

In the streemline region (with DeG/h between 2300
and 16.2 L/Dg)

hL o _1/3 8/3
— a 1.98 C ) : (3)
P

end in the streamline region for smaller valuos of DgG/u,

-1

h D_G

"L yen <_) (5a)
cG 13

For air flowing in flet duots of high aspect ratio (width/
spaoing), reference 7 gives the following equations:

With D,G/s between 2300 and 94.7 L/D,

oy wsccj”“
. m——= 2,26 (4)
R 6

end in the streamline region for smaller values of DeG-/ i+

D¢
__m(
c G
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The results of these experimentally verified equations
for constant wall temperature, are summarized in figure 2A
for round tubes and in figure 2B for rectangular passages,
for length-diametor ratlos of 10 end 100, The curve AB 1s
based on equation (2), curve DE is based on equation (3) or
(4), end curve EF 1s based on equation (3a) or (4a), The
gone BD represents a transition zone between the turbulent
rogion AB end the streamline region DEF, and because of un=-
certainty as to the oxact width of thils zone, the curve 1s
dotted. This region is truvatid in dotail in references 4
and 8, Referemnco 9, based on date for liquids, suggests
that tho Stanton mumber be considered lndepondent of the
Roynolds number in the region BC. (Point E is the inter-
section of cquations (3a) and (3) or (4a) and (4); point D
is at tho boginning of the transition reglon; point C is at
the boglinning of the reglon whereo tho Stenton numbor is con-
siderod 1ndependomt of the Rgynolds numbor; point B signifies
tho start of the turbulent region.) Increase in
lowars hL/bPG in the streamline region DF but does not af=
fect the location of the curve AB in the turbulent region.
Hence, the dip bocomes deeper as L/bo is inoreased.

From figures 2A end 2B, for a givemn large L/D,, it

is secn that the dip is deeper for the round tube than for
the roctanguler sostion.

Tho theoretical oquations (3) and (4) do not allow for
tho effect of netural convection and radial grediemts in
viacosity. Basoed on a limited mmount of data, reference 4
suggests thet these cffcets could bu estimated by multiply-
ing h from the theoretical esquations.by the torm:

a\vs [ e Pe3g P AT 243
o :

Hj-a

In tho turbulont region AB tho local coofficiont of heat
transfer is bolisved to bo uniform throughout tho length of
tho tube, oxcopt poasibly for tubes with small valuos of

o» 8nd in tho EF-section of tho streeamlinc region the
local coofflcient is substontielly indcpendent of length so-
cording to cquations (3a) and (4a). With constant surfaco
tamporature T, and constant local oocefficiont s tho
logarithmic mean'tamperature difference is obtained from the
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relation Wo,dT = h,dA (T4 - T)s For the sake of umiformity,
this type of temperature difference was used throughout the
entire range of Reynolds numbers, in anelyzing date for tests
involving constent wall temperature, .-

Physical Properties of Air

The physical properties of air recommended by 'nr:lous
sources (5, 10, 11) are presented in figure 3. The values
of reference 10 were adopted and are represemted by the
solid curves, For cenvenience the Prandtl number for air
has been oonsidered congtant at 0.74.

Data for Round Tubes

An anelyais of all the published data for air in round
tubes has been made, The better date (12, 18, 14, 15, 16,
17) are plotted as h./c G versus DG/p in figure 4. For
Reynolds numbers grea erPthan 10,000 the results for air are
correlated by the equation:

Based on data for various fluids, reference 4 finds that the
two-thirds power of the Prandtl number is involved, Since
c M/]: is 0.74 for air, the corresponding equation is

s _o.a
. .EL.. SBB) = 0,021 (Ef-} (6a)
oPG ) k (]

It is noted that the recommended value of the constent
(0+0268) in equation (6) is 7 percemt lower than that given
In equation (2) from reference 6. At Reynolds numbers larger
than 10,000 the maximum deviation in h_/o G is *26 percent
for the data selected; the deviation wouldphave been sub-

stantiaelly increased by inoluding data obtained by less de~
sirable techniques,

At Reynolds mmbers smaller than 10,000 the experimental
points ‘soatter more widely than at Roynolds numbers larger
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than 10,000, It may be seen that the runs of Nusselt meds
at high pressure give higher ocoefficients than those at at-
mospheric pressure, owing to the effect of natural conveo-
tion, involving high Grashof mmbers, (D% ,*gBAT/k.°)e This

effect of netural convestion is apt to be less Important in
alrocraft exchangers because of the use of low pressures and
small tube diemeters. A second causs of scattering of points
in figure 4, at Reynolds numbers below 10,000, is the transi-
tion from turbulent to laminer flow which gives a dip in the
ocurve of Stanton number versus Reynolds number, as shown in
figure 2A., This effect is illustrated by the data of Nusselt
at 1 atmosphere and by the date of Josse at 0.1 atmosphere,
Data are inadequate for the tranaition region for air in
round tubes,.

Since tubes of mmall dlameter are usually used on alr-
oraft oil coolers, end the equivalent dismeters of finned
passages are smaell, a request was made in 1943 for data on
round tubes of smaller dlemeter then those plotted in fig-
ure 4. A series of tests was :reported by J. 1. Godfrey and
L. P. Saunders in an unpublished report of The Harrison
Radiator Division, Gemeral Motors Corporation, on oil-cooler
tubes having hexsgonal ends, Air was drawn through the stesm-
heated tubes, and the heat balences always egreed within
three percent, The results of these tests and those of rof-
erence 18 on hexagonal-end tubes are plotted as hL/c G
versus DG/B in figure 5. For Reynolds numbers grea.ger
than 10,000 the data agree well with cquation (6) predicted
from figure 4. For Reynolds numbers helow 2,000 the data
for L/g‘: of 69.8 agree satlsfactorily with the curve pre-
dicted by using figure 1 and equation (5). The data for
smallor values of L/Dy are higher, as expected. For Reymolds
numbers renging from 2,000 to 10,000, eppreciaeble dips are
obtained, The data of reference 19 for round tubes without
hsxagonal ends do not show a deep dip but agree with the data
for hex-end tubes in the turbulent and streamline regilons.
These results for round-end tubes aro verified by preliminary
runs on multitubular units, mede in this laboratory.

The date of figure 5 indicete that the hoxagonal ends
cause the effects of leminer flow to extend to higher
Reynolds numbers then with round-ond tubes. At DGA* of
7,000 it is seen that the valuo of hL/cPG for L/D of

59.8 is considerably more than for L/D of 43.0. If this
trend holds for tuhes of tho same diemeter but differomnt

lengths, the averago coofficiemt for tho emtire length would



M e e AT  .

NACA ARR No. 4F28 13

be greater for the longer tube than for tho shortor one, and
henoe,- the. 1looal coefficient must inorease with length at -
this Reynolds mumber, This effect can be explained if the
hexagonal ends are oonsidered to be nozzles which tend to
set up a wniform velocity distribution and low initial tur-
bulence, As the fluid flows through the tube, tho initial
oharacteristios imposed on the stream by the nozzle are
changed to those representative of turbulent flow and the
cooffioient inorenses. A hexagonal end is probebly an im-
perfect nozzle, but the available data support tho forogoing
enalysis, This effect is discussed in roforemce 20,

The difference between the data for rcund tubos and
hex~-end round tuboes in the transitlion region may bocomoe loss |
ovident and ovon disappeoar 1f thoe air onterling the oxchanger
has turbulent characteristies imposocd upon it by bonda of
other upstreem disturbancos.

Reotangular Duots

Tho availablo data (7, 21) for rectangular ducts are
plotted in figuro 6 as jL' vorsus DeG/p,. Comploto rosults

for thoe tests of Younts, mentioned in roforoncoe 7, havo boon
obtalnod from R, He Norris of the Gonoral Eloctriec Co. At
Roynolds numbors groater than 10,000 the data of Younts and
of referonce 7 arc well corrolatod by oquation (6a) for
round tubes if D 1is roplecod by D :

h 873 D 0,8

L CcH o@

— _.) = 0,021 | = (6b)
cG k 1)

or for air ' o.g

) " /D G\~ ° ’

I:.L = 04026 ..3.) (8c)
[ J¢ B

In tho stroammlino rangoe the data of theso roferoncos aro
highor than the theoretiocal proedictions of equations (4)

and (4a)., The results of refurcnoe 21 for ducts of largo

aro far bolow the predicted curves, This is probably

caused by tho mothod of measuring tho oxit temperature;

thermocouples wone placed.at tho centor of tho duct exit
and would oonsequently give readings lowor than thc true
tamperaturo of tho stroem if mixed. This would causc tho
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reported value of J; to be low, Failure to provide sufw
ficient mixing becomes more important as the exit air ap-
proaches the wall temperature; that is, for low flow rates or
duots of large L/Dg. For this reason the results of Younts
for ducts of mmall I,/De are probably more reliable in the
range reported than those of reference 21 for ducts of large

In tests on & duct (referemce 22) involving L/D, of
77.5, and an aspect ratio of 7,7 a special three-pass baffled
mixer was used to make certain that the mean temperature of
the exit ajr was measured, The results are summarirzed and
compared with the theoretical equations end with a ocurve in-
terpolated for L/Dg of 77.5 from the data of referemce 21
in figure 7, In the streamline region the data for this duct
lie below the theoretloal ourve for streamline flow in duots
of infinite aspect ratio, and above that interpolated from
the results of reference 21. At D,G/p, of 3000 the data
fall 14 percent below the ourve recommended for turbulent
flow, equation (6b), At presemt data for rectangular ducts

of e Greater than T7,5 sre inconclusive,

Résumé for Straight Duots

In sumnarizing the results of this study of the heat
transfer for flow of air 'in straight duocts of round and
rectangular oross seotion, 1t can be stated that for Reynolds
numbers, DeG/ W, exceeding 10,000, the data obtained by the

best techniques are correlated within 26 percent for sub=-
stantially incompressible flow by equation (6c); for flow at
high Mach numbers referemnce 6 is available, For stresmline
flow of alr, at Reynolds numbers below 2300, heat=-transfer
data for air are scarce (figs, 4, 6, 6, and 7), Where test
data are lacking the best procedure is to use figure 1 to-
gether with equation (5), or approximate equations (3) and
(3a) for round tubes, and equations (4) and (4a) for rec-
tangular sections, together with equation (6)e In some cases,
because of small values of D and P, 9P reduces to substan-
tially 1. In view of the meager data for straight reotang-
ular ducts of large length-diemeter ratios, more experimental
data are desireable for various aspect ratios,
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HEAT TRANSFER IN FINNED PASSAGES

e e . Analysis ... . ., ..

Most of the available data for blower cooling of finned
oylinders were obtained from tests on eleotrloally heated
models, which tend to give approximately constant flux with
raspect to the alr travel aroumd the cylinder, in contrast
to the tests of f£low in duots with oonstent wall temperature,
As shown in reference 23, with turbulent flow the local
ooefficient of heat transfer veries only some +20 percent as
the air flows around a jacketed oylinder, Reference 7 hanm
shown analytically that the minimum loocal coefficient for
laminar flow in streight flat duots, with oconstant heat flux,
is given by the equation: .

-1

DG\
oG 1)

At higher Reynolds numbers, but still with streamline flow,
the local coefficient decreases with inorease in tube
length, but this range is camparatively unimportant; since
the coefficlent soon approaches the oconstant value given

by equation (7). Hence, as a fair epproximation, through-
out a large range of Reynolds numbers, the local coeffi=-
clent of heat transfer may be considered comstant. With
constant heat flux, 1f the thermal conduction along the wall
is unimportant, both the temperature of air and that of the
surface will rise linearly with length, and at the same rate.
It is olear that & constant coefficient may be caloulataed
from the temperature difference defined by the equation:

AT! w T I3 +Tg (8)
2

The use of this type of an arithmetic temperature differ-

- ence for data involving electric heating and e logarithmio

mean temperature difference for cases involving steem heat-
ing of finned ocylinders makes the coeffiocients for the two
ocases compareble, With moderate mass velocity through the
finmed passages the temperature of the outlet air cen ex-
oceed the mean temperature of the fins, thereby giving a
negative valus to Tgp-Ty; and precluding the use of a

logarithmic meen of Tg,-T,, and T -Tge
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On air-ocooled oylinders the average surface temperature,
Tgms of the fiaoned surface 1s of seocondary interest. The
purpose of cooling and finning is to reduce the tempereture
abt the base of the fins, Consequently nearly all of the
references report only the average temperature at the base
of the fins, Ty,. Since the temperature at the bawe of the
fins is of primery interest, a correlation of surface coef-
ficients should involve the fin base tamperature; this tem-
perature and a matheamatical effectiveness of the fins are
used herein to calculate the averoge surface ocoefficient.
In design of cylinders, the procedure is reversed and the
calculatnsd surfece coofficlonts sud the mathematical effec-
tiveness are comblned to give ths fin base temperature,
Furthormore, 1t is known that surface coefflcients, basod
on the moasured mean tempereture of the fins, often differ
from those based on measured base temperatures and a calcu-
lated eft'ectivensss. Consequently both tho correlation of
test data and the design procedure hased thoreon should in-
volve base temperatures and calculgted effoectiveness, so
that any errors, due to differonces betwcen measured and
calculatoud offectiveness, are not involved.

To obviate a trial-cnd-error solution in calculating
surf'ace coofficlonts from tost date, sincu the effective-
ness is a function of the thon unknown surface coofficient,
it is oustomary to calculete an over-all coefficient U,
based on the area at tho roots of the fins and the over-all
tamporature difforence,

(9)

T T
1+ -a
ATa"Twm"'—'é_"

and to solve grephically for the surface coefficient h by
using a curve besed on the approximate equation (13) of ref-

orence 25;
U = e (1 tanh aw' + s, | (10)
s+t ZRb

whorein a = /Eh;l:b and wW'= w + 0,5 tto

An alternate equation:

ww t
U-.-[(Zw'+-—+—- n+st](11)
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ias derived in appendix A, It 1s recommended that 1, the
effectiveness of the fin, be calculated as the sum of an ap-
proximate effectiveness, a ocorrection factor for curvature,
Cgs and a correction factor for taper Cp a8 given by the
relationa

- tenh aw!
aw!

n

* Gy + Cy (12)

The factors C, and C, may be evaluated from figure 8,
taken from reference 26. Bguation {11) reduces to equation

. (10) if the term wty/2R;, which is usually negligible, is

omitted and 1f 1N is taken equal to (tenh ew!)/ aw' as
would be allowable for a fin of constant oross section.
Equation (11) was used in this study in caloulating the sur-
face coeffioclent h from U,

There are only two essential differences between an eir-
cooled oylinder and a stralght rectangular duct, The en-~
trance and exits are different and the flow passages are
curved 1n the former, The effect of curvature for turbulemt
flow in & round tube is small according to the only avail-
eble reference (27) which suggeats predicting the coeffi-
cient for a helically colled tube by multiplying the reat-
transfer coefficient for straight tubes by the term,

Y =21 4 3.5 De/DH- For the maxtimum value of Da/DH usually

encountered in finned cylinders (0.087), Y is 1.,23. For a
normally finned barrel Y would be 1,1, and would be even
less for fing of emaller spacing,

Details of Apparatus

Only tests in which the Reynolds number through the
finned passages was known and where sufficient deta were re-
ported to determine the surface hoat-transfer cocefficlent,

h, are considered in this report, The test procedures are
desoribed in the original references., Pertinemt dimensionsa
of the fins and Jackots or baffles are given in table I.

The baffle and Jacket designs used are shown in figures 9A-SE,

Comparison of Date from Different ‘Sources

A oomparison between the data of different sources for
simllar fins end approximately similar baffles or jackets is
shown 1n figure 10, The data of references 23 and 28 are
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for identioal fins and the data of references 29 and 81 are
for similar fins. The several references did not use iden~
tical baffles or jackets, and this probably aoccounts for some
of the differences., BExcluding the data of reference 31 and

of Pratt end Whitney report 429 by H. B. Nottage and D. 8,
Hersey, for a given Reynolds number the maximum deviation in
Stanton number is only 10 percemt which is less than the
deviation of * 26 percent shown in figure 4 for stralght round
tubes, and is considered good agreament, The data in Pratt
and Whitney report 429 are for a fimnod section the upper

part of which was identicel with those of references 25 and 28
but the lower part of vhich had fins tapering to a smaller
width, Theso data 1lie 30 percent below the curves for ref=-
erences 23, 28, and 29 but further tests with an improved
apparatus are showing results higher than those plotted.

™e data of reforence 31 lie 30 percent bulow those of references
23, 28, and 29, but this may be due to the fact that refer-
ence 31 amployed highly tapered fins, All the data of fig-
ure 10 lie above tho theoretically minimum coefficieant of

hoeat transfer.

Effects of Fin Spacing and Width

The most oxtensive tests covering a wide range of both
fin spacing, s, and fin width, w, aroe those of roferonce
29, the detailed data for which are givem in referemceo 30,
As shown by table I, the fin spacing rengcd from 0,010 to
0.200 inch, the fin width ranged from 0,37 to 3.00 inches,
end the average thickness ranged from 0,026 to 0,050 inch,
The ratlo r of the cross section at the smallest section
of thoe inlot or outlast portions of the jackcts, to the freo
aroa through the finned passages, ranged from 0,90 to 2,04,
The portion of the cylinder jaocketed is spocified in terms
of anglos ap and a. for tho front and roar halves of the
cylinder. Those angles are defined in figure 9A and aro
listed in tabloe I. All the cylindors used by reforence 29,
excopt cylinders 39 and 40, the data for which are plotted
separatoly, had a diametor of 4,66 inches at the base or root
of the fins, and the results are plotted as Stanton number
versus Reynolds number for constant fin width in figures 11A
to 11E, with fin specing spocified on the curves,

For a fin width of 0,67 inch, shown in figuro 11D, the
rasults show four significent offoects:

l. For a given Roynolds numbor, the Stanton number in-
ocroases with increase in fin spaoing, even though the Reynolds
numbor includes the hydraulic dismeter which takes differences
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in fin spacing into account, Although lnorease in the
Grashof mumber, which involves Dg°, temds to increasc the
Stentonh numbor, ‘the’ expeoted chengoe evaluated from equation
(6) is much too small to explain the large inorease in h/oGe
Unfortunately the coefficicnts for the finned passages having
a small spaoing connot be compared with stralght duct data,
as no date are availablo on straight passages with such small
equivalent diameter, It may be thet the cooffiolent of heat
transfor would be low for straight ducts of small equivalent

diemoter,

2o Some of tho curves are not stralght linos, thus su~
gosting transitions. o

3+ Tho dashed line in figurc 11D is based on cquation
(7) for the thooretiocal minimum local cooffiocient of heat
transfor in straight flat duocte with uniform heat flux, It
is soeen that the ocurvos for fin spacings ranging from 0,048
to 04101 inch sean to be asymptotically approaching equa=
tion (7) and 1lie abovo it, whilo those for unusual spacings
of 0,010 and 0,022 inch 1i3 bolow it. The brokon curve for
tho uppor right portion of figure 11D is the recommendod
equation for turbulont flow in straight rectangular passages,
oquation (6o). It is seon that most of the data fall below
tnis line,

4, Sinco the slopes of the ocurves aro both positive and’
negative, and often the slope for any one fin width and space
iny varios, it seams olear that rosults for verious values
of w and 8 cannot bo ropresented by a singilo curve in
terms of ha/cﬂ, DeG/uo w, and B8,

In figure 11 tho data for othor fin widths show tho semo
charactoristics as those for tho width of 0,67 inch, although
the tronds are not always as regular, Since the fin widths
of 0,85 and 1,66 inchos used with fin spaocings of 0.20 inoh
woro not amployoed with other spacings, tho two sets of data
are not plottod in figure 11, but do appoar in figuro 13,

Furthar datn which show tho offeoct of fin. spacing upon
the Btanton number aro presemtod in reforcnce 32 as plots of
Nussolt number based on a logarithmio mean temperature dif-
foronoo vorsus Roynolds mmbor., The data wore reduced to
the ocoofficient h by moans of oquation (10) ‘in tho original
roforence, Varlous sogments of finned aqylindors having dif-
ferent fin spacings but constant widths wero tested on an
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electrically heated unit, The segment of the cylinder tested
wes so adjusted that IL/s was constent and o Was ap=
proximately oonstant, The results of these tests are plotted
on figure 12 as h;/eG versus D.G/pe The data are correlated
fairly well by this plot; no large difference between the re=
sults of the fin spacings of 0,126 and 0,016 inch are notised.
If plotted as hg/oG, the data for the differemt spacings
would still be correlated fairly well since h,/oG is a func-
tion of only h.I/oG and 8/A (appendix B) both of which are
approximetely the seme, at a fixed Reynolds number, for all
the segments tested, Figure ll1 indicatos that the results
are widely different when data are taken for comstant L,
oonstant w, and various spacings or wvalues of Dge Thus

the data of figures 11 and 12 seem to indicate that L/Dg

is a pertinent variable for tests in this reange of DeG/u.
Attempte to correlate the data of figure 11 in terms of the
retio I.,/De wore ebandoned since plois showed this parameter
would not correlate data having the unusual veriations noted,

These same data, of references 29 and 30, are replotted
ia figures 13A to 13Z es h. /c6 versus DG/u for constant
fin spaoing, with the values of fin width specified on the
curves., For a given Reynolds number, the Stanton number
ha/oG usuelly increases with increase in fin width, but exs

ceptions are moted, This effect seems quite marked for fin
spacings ranging from 0.022 to 0.101 inch, This effect had
previously been noted in reference 29 for finned cylinders
tested in a free stream with unknown velocity through the
finned passages but had not been mentioned in oonnection with
blower cooling tests.

Reference 31 tested oylinders provided with fins of
verious widths and spacings, but usoed fins of triangular
cross section in contrast to the fins of rectengular cross
section aemployed by reference 29, Table I describes the
fins and jackets, The datae were reported only in the form
of plotted points, from whioh values of ha/cG and DeG/u
were calculated and are shown in figure 14. For each space
ing (0,236 and 0,118 inch), for a given Reynolds mumber,

h /oG docreanses with increeso in fin width, which is oxactly
opposite to the results of referonce 29 shown in figures 13A
to 13E., Hpwever, in refercnce 31 the decorease in fin width
was accompenied by a substantial inorense in jackot covorage
and this effect may offset the effect of changing fin width
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shown by the results of referemce 29, For a given fin wldth,
oomparison of results for trienguldar fins shown in figure 14
reveals that for a-‘given Reynolds number-and average thickness
of fin, ha/cG decreases as fin spaocing decreases from 0,236
to 0,118, For these find all the datea-lie above equation (7)
for the theoretically minimum local coefficilent of heat trens-
fer.

In the tests of reference 29 disocussed in the foregoing,
as shown 1n table I, the clearance between the tip of the fin
and the Jaoket was 0,01 inch., Reference 33 reports tests for
fin spacings of 0,102 and 0,200 inch and' fin widths from 0,67
to 1,22 inches, and employed a gap of 0,126 inch between the
Jacket and the tips of the fins., These results, if plotted,
would show the usual effect of fin spacing end a somewhat in-
oreased effect of fin width for a spacing of 0,200 inch,

The other aveilable data for finned cylinders (28, 34,
56, Pratt and Whitney report 429 by He. B. Nottage and D, S.
Hersey, and Pratt and Whitney report 446 by J. W. Miller,
H. B. Nottage, and D. S. Hersey ) are plotted in figure 16,
Contrary to the effect of spacing shown in figure 11, figure
16A shows substantially no effect.of spacing in the range
from 0,048 to 0,100 incha. All the data of figures 15B and
15C lie above equation (7) for the theoretically minimm
local coefficient of heat transfer and the dnta of reference
34, plotted in figure 15C, approsch equation (7) asymptot-
ically at low Reynolds numbers. However, the data of figure
154, for small spacings lie below this cquation,

Type of Temperature Difference

All of these reobults wero obtained from the average
temperature atthe base of the fins and the calculated fin
effectiveness, as explained earlier in this report, However,
the average surface temperatures were reported in reference
30 for the tests of referemnce 29, whioch showed that the sur-
face coefficients based on meesured surface temperatures
usually were somewhat highor than those obtained from base
temporatures and calculated effeotiveness. The effect of fin
width for a given sracing. doveloped in figure 13, is also
found if moasured surface temperstures are employed in evalu-
ating the Stanton numbers, The seme .1s- true..of the effeot
of fin spaoing devoloped in figure 1ll,

Throughout this report surface heat-tremsfour coeffiolents
for runs wlth electric heat have been basod on arithmotio
moan temperature differemce, as previously explained. In the
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past, heat-transfer coefficients have at times (referemce 29)
been based on the difference between the mean temperature of
the surface and the temperature of the inlet air., Figure 16
shows the data of figure 13B replotted in torms of hi/¢G
versus DeG/p. It is seen that at a given Reynolds number
the Stanton number still increoses with increase in fin width,
an effect not previously noted,

Appendix B gives equations useful for converting reported
coefficients from one temperature-~difference basis to another,

Effect of Cylinder Diemeter

The only source which reports tests for cylinders of
differoent diemoeters is reference 29, Figure 17 shows deta
for three similar finmed cylinders having bese diameters of
3,56, 4.66, and 6.34 inches. At the higher Reynolds numbers
the data for the cylinder with Dy equal to 4.66 inches are
higher, Hpowever, the data for both the smallor and largsr
cylinders fall below this, On the basis of these results it
seems that cylinder dismeter has no effect on the Stanton num-
ber within the aocuracy of the data,

BEffect of Surface Conditions

Surface conditions may bo classified as rough or wavy
or smoothe All the data discussod in the foregoing were ob-
tained with smooth surfaces, Peccnt reports have contained
date for several types of surface, Data from Prett and
Vhitnoy reports 429 and 446 ma bo ecombinod to, show the offoot
of roughness, Data were obtaiued ficr a standard fin and later
with a fin of the same nominal dimensione after 1100 hours
service and the enamel coating had been chipped; idemtical
barflos were used in both cases.s Figuro 18 shows that tho
Stanton number is highor for tho rough surface at a given
Reynolds numbor, Howevor, a plot of h/oG vorsus DG/t
is not the most rovealing method of comparing difforent fins
as there 18 no roason that tha fin exhibiting the highest
Stanton number st a givon Reynolds number rmust also cxhibdit
the highest coofficiont for a given punping powor pur sgquare
foot of heat-transfer surfacc, A bettoer scomparison of tyo
data is prosented in figure 19, a plot of (h/c)(cwk) ars
vorsus Ep,8 the pumping power oxprossed as foot-pounds

por hour por square foot- of heet-trensfor surface, times the
everage fluld donsity squared., This plot also indiocatos
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that the rough surface is preferred, (Referenoce 36 shows
the utility of - this method -of. comparing flow inside tubes __
with flow aoross tube bundles), Since the available pres-
sure drop mgy be a limitation, figure 20 shows a plot of

hg versus Ap pgy/psce The coefficiemts for the rough
surfaces are slightly higher than the amooth surface for

the same pressure drops Thus these data indicate that sur-
face roughening is a method for reducing the pumping power
per unit surface by a largo percont and slightly inoreasing
the coefficlent of heat transfer for a given pressure drop.
In using those data it must bo ramembere¢d that only the nomi-
nal thickneas of the fins was availablo and was employed in
onloulating the fin effectiveness, It is poasible that the
actual thickness of ono or both of tho fins was slightly dif-
forent from tho nominel thiclkmess,

_ Although it 1s useful to campare heat-transfer cooffi-
clonts at a given pressuro drop or pumping power por unit
area, it should bo emphasized that conditions giving the
highost coofficiont may have the lowest air flow rate and
consoquontly tho highest avorage elr tamporature at a given
heat flux, The exaot offeot of thoso compemsating factors
on the wall tamperature deponds on operating conditions,
Allowanocos must also be made for variastions in air tampera-
ture whon pressuro drop or pumplng powor are compared at a
given coefficient. '

Roference 37 roported rosults for smooth and wavy sur-
facos tested with throe differemt baffles. These wero 80
complote waves in tho special fins, Thoso waves approxi-
matod sine curves and had a poak to vel loy distunco of 0.022
inch at tho fin root gnd 0,033 inch at the finm tip. Tho
cylinders werv heatod with hot wator and tho rosults woro
oxtrapolatod to infinite water veloclity in determining tho
coefficients of heat transfer, Although the referonce states
that allowances were made for tho coross flow of air and water-
and for tho effectivunoss of the fins, 1t appears that the
rosistance of tho motal (approximately 1/2 inoh thick) bo-
tween tho basv of the fins and the water was mnot considored
in calculating coefficients. This would cause tho roportod
ftanton numbers to be low; tho date as plotted on figure 21
ore lower than the other data previously considerod. Conso-
quently the coeffioient,: h',  ocennot be comparod with othor
data in this report but may be used to dotormine tho effoct
of waviness, Figures 21 and 23 indicate that wavy fins givo
incroased coefficlents at & givon Roynolds number or pumping
power per unit surfaco,
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Then the data are plotted as h'! versus Ap Pgy/Psc
(fige 22), it is found that, for a given pressure drop,
waviness increases the heat-transfer coefficlent by approxi-
nately 5 percent for baffles A and C end approximately 20
percent for baffle Bs The perc.nt of the cylinder covered
by the baffle, figure 8B, increuses from vaffle A to baffle
C end 1t would naturally be expected that, if waviness in-
oreased the heat-transfer coefficlent for a given pressure
drop, eny trends in the inzrease would be related to the ex-
tent of baffling. This is not the cese; for baffle B waviness
increased the heat-transfer coefflcient more than for other
haffles. This result is not immediately explainable; it may
be that this variation is within the accuracy of the data.

Maximum and Minimum Temperatures

The hottest spot on an air-cooled cylinder usually ocours
at the rear of the cylinder and it is theref'ore desirable to
know this temperature as well as the average surface teampera-
ture upon wiiich the heat-transfer coefficien: is based, A
correlation of data based on tests of electrically heated
models, whoere there was no propeller swirl, may not apply
directly to engire installations. However, the data from
reference 50 and rrum Pratt and Whitney reports 429 and 446
woere plotted as tue ratio ATr/ATa versus Reynolds number,
but no ocnsistont trends with fin spacing and width were
found, Ideally, ii the coefficlent of heat transfor maey be
obtained from correlations such as figure 11; the average
temporaturs difference can be calculated for any heat flux,
Correlations of AT./AT, would permit the temperature differ-
encoes at tho rear of the oylinder and the actual rear temper-
aturec to be calculatoed. This type of correlation should in-
clude factors such as baffle shape to allow for differences
in flow corditions and cylinder well thickness to allow for
thernel conduoction from rear to front.

Anothor approach to this problem, more fundemental than
the empirical one suggested, is to measure actual local coef-
ficients of heat tremsi'‘er ns has beon done in roference 23,
This type of data will allow acourate prediction of the cylin-
der tauperatures after proper allowences are made for conduc=
tlon around the cylinder, which obviously will be dependent
on the thickness of the cylinder wall and that of tho mutf.
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Effeot of Temperature Difference -

Except for some of the tests of reference 51, the well
temperatures used by the references were well below those of
operating air-cooled engines. It is consoquently desirable
to know the effect of temperature differemce on the heat-
transfer coefficlient so that the available data may be ex=-
trapolated to operating oconditions. Extensive tests by H. Be
Nottage and D. 8., Hersay, -Pratt and Whitney report 429, indi-
oated that thoe heat-trensfer coeffiocient, yr a given Reynolds
number, was inverscly proportional to AT¥B, This was at
first thought to be caused by heat losses but reforemce 28
obtained the seme effeot on an idemtiocal muff for runs which
hed heat balances with 8 percent. The tamperaturo difference
was varied by changing tho electrical input to tho test sbc-
tion, These data, corrocted to e Reymolds mumber of 4730,
aro plotted on figuro 24, Also included ero rosults of tests
on the apparatus of roforencos 25 and 24, which lnvolved an
idontiocal muff and the beffle shown in figure 9E, The heat
bolances for those tests also agreod within 6 percemt. 1In
this case the tamporature difforonce was varied by heating
tha inlet air, No notiocoable effect of tumporaturo diffor-
ence is shown in these rosults.

Data of roforence 31 corrected to a Reymolds number of
16,700 aro plottod in figuro 24 and indicato that TUg/cG
Increases slightly with increasc in ATg. These results can-
not be trusted es well as can thoso of Nottago and Horsey,
8ince complete data are not reported,

The data of theso difforent investigators thus show a
difforent but small offvet of AT. If the two most reliable
sots of data are comsidorod (roferencos 24 and 28) it will be
notiocod thet refercnce 28 usod clootric heat and roference 24
used stoam heat. This mny accoumt for the difference notod,

At first 1t appears that the verlation of tho coeffi-
clent with AT for the olectriocally hoated muff might bo ox-
pleined by oonductlon around the fins, Howover, if it is
accoptod that tho local coqefficlent of hoat transfor at a
given point is a funotion of only tho Roynolds mumber (24),
thormal conduction should not cause this effoet, Consider,
for oxemple, runs medo at tho same Reynolds numbor end two
diffurent hoat fluxes, one double the other, If oconduction
is noglooted for the momont, tho air temperature risc por
unit longth and tho locel temporature difforences for the
high flux should bo twioco that of tho low flux, Tho ourves
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of wall temperature snd eir temperature could be superimposed
by: chenging the temperature scale for one test. The fin tem-
peratures at any point oould also be plotted on this new ourve
and would be found to coincide, If oonduction is then allowed
for from this curve, it is olear that conduotion will have
the same effect on each test and hence the coefficiemt should

not ohange,

Effect of Baffle Shape

The data of references 23, 24, and 37 afford an insight
into the results of changing the baffle shape for a given fln
spacing and width, The data of reference 37 are plotted in
figures 21, 22, and 23, Figure 25 shows the data of refer-
ences 23 and 24, which employed steem heat, plotted as hy/oG
versus DgG/p for the jacket (shown in figs 9C), a model of

a conventional baffle (fig. 9D), and a special baffle (fig. 9E).
Both baffles had spacers to keep the baffles a fixed distance
from the fin tips, Tests were also made with the spacers re~
moved on the special baffle, Over the range tested, the baf=
fles listed in order of decreasing coeéfficient, at a constant
Reynolds number, aro as follows: Jaoket, special baffle, ocon=
ventional baeffle, and special baffle with spacer removed, It
is noted that the curves have slightly different slopes and
that the data for the jacket and the conventional baffle,
which extend over a wider Reymolds number range than the other
data, indicate that the slopes of the curves may get steeper
ot lower Reynolds numbers. All the data of figure 25 lie
above equation (4a) for the theoretically minimum local coef-
ficient of heat transfer for constant wall + amperature, Com=-
parison of the data on the basis of proessure drop, (fig. 26)
and pumping power per unit surface, (fig. 27) show that baf=
flos listed in order of decreesing coeffioclent still are:
Jaoket, special baffle, conventional baffle, and special baf-
fle with spacer removed,

Effeot of Swirl

A propeller croates turbulence in the air stream and
causes flow across the cylinders. It is well kmown that the
flow conditions, set up by the propeller, cool the front of
the cylinders better than the flow resulting from blower
cooling (reference 38), In runs dosoribed in reforence 24,

a sheet motal insert was 1lsced in front of the test cylinder
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a8 Indloated in figure 9E, The ratlo of the condensate on
the right-hand to that on the left-~hand side was substantially
the same as before the insertion of thls device, and it was
concluded that the alr flow still dlvided fairly equally
eround the two sides of the oylinder. However, the average
coefficient of heat transfer inoroased slightly as indicated
on figures 25, 26, and 27, "These .results are of qualitative
value only as no compaerison is aveilable between the turbu-
lence in this test and that in the aelir stream before an actual
oylinder in flight. :

.- CONCLUSIONS

l, For flow of alr at Reynolds numbers larger than
10,000 in straight ducts, the selected heat-transfer data
gilven herein are ocorrelated within meximum deviations of 256
percent for round tubes (fig. 4) snd 10 percent for rectan-
gular passages (fig. 6) by -the dimensionless equation:

0.8
B . o.0% (2_9) | (60)
) B

using physical properties of reference 10, shown in figure 3.
This relation 1s easier to use than conventionel equations
involving the Nusselt number and consequently thermal oconduc~

2, For flow of air at Reynolds number smaller than
10,000 in straight duots, heat=transfer data are inadequate
for round and rectangular shapes, except for round tubes
with hexagonal ends, correlated-in figure 6. The avallable
date for stralght rectangular ducts are summarized in fig-

ure 6, with
a/s
oG k

plotted versus Reynolds number based on equivelent diemeter,
for.warious ratios of .length to equlvelent diameter. For

rtraight rectangular shapes with 1,/De less than 80, at low
Feynolds numbers, the Stanton numbers for alr asymptotically

approach the wvelues predicted from the theoretical equation
for the minimum coeffiolent in flat duocts:
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. §
B 10.4 Gﬁ-“) _ (4a)
o6 :

Se¢ Data for tests on stesm~heated and electrically heat-
ed blower=-cooled cylinders may best be compared if the heat-
transfer coefficients are calculated on the basis of logarith-
mic and aritimetic temperature differences, respectively., On
this basis the data of various references for similar muffs,
ocorrelated in figure 10 in terms of Stanton and Reynolds
numbers, agree surprisingly well in view of differences in
methoda of t esting and in the design of the jackets or baffles,
The ooefficients for these l.1 inch fins, having spacings of
0.1l inch are within 330 percent of those predicted from
equation (6c) for turbulent flow in straight reotangular ducts,

4, The Stanton numbsr usually decreases as Reynolds nume
ber inoreases, but the data for a fin having a spacing of 0,01
inch ( fig. 11D ) shows the opposite trend. As the best line
through the date for fins having spacings between 0,048 and
0.101 inch is concave upward and approaches equation (7) at
low Reynolds numbers and equation ?Gc) at high Reynolds num=-
bers (fig. 11D), a trensition between leminar and turbulent
flow is indicated,

be For a given Reynolds number, the Stanton numbers usu-
ally inorease with increase in fin apacing, both for rectan-
gular and triengular fins. (See figs. 11, 14, and 16,)

6+ For a given Reynolds number, the Stantom numbers usu-
ally increase with inorease in fin width for rectangular fins
(figse 13 and 16B), but decrease with increase in fin width
for triangular fins (fig. 14).

7« Cylinder diemeter has no effeoct on the coefficient of
heat transfer, on the basis of the availsble data (fig. 17),

8, Temperature difference has a negligible effect on the
surface heat-transfer coefficient, in the range of available
data (fig. 24).

9, The fow avallable data indicate that rough or wavy
sur{aces, compared with smooth surfaces, inorease the Stenton
number for a given Reynolds number; inorease the heat-transfer
coofficient for a given pumpling power per unit surface; and
glve a small inorease in hest-trensfer coefficient for a given
pressure drops
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10, For a given coeffioient of heat transfer, both the
pumping power per unit surface and the pressure drop depend
on the design of the baffle or Jaoket, Figures 26 and 27
show that the baffle of figure 9E is. superior to that of fig=
ure 9D in both these repsects, but these advantages disappear
at low flow rates, The jacket of figure 8C is better than
elther of these two baffles,

Yassachusetts Institute of Technology,
Cembridge, Mass,, Mey 24, 1944,
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AFPENDIX A

DERIVATION OF EQUATION RELATING U AND h

c—
0

__1_

v

s

At any glven position on a cylinder, 1if the local surface
coefficient is essumed independent of radial position and if
cos O is considered equal to unity:

e— 89

h [411‘ (Rb + .g) w+ 2n (Rb'i'W)t-b]nATb‘lh 21 Ry 8p ATy,

= U (s+t)2m Ry ATy

Letting w' = w + (t4/2), and rearranging

wwt Wiy
o= B 2w'+-—+—-- N+ sy (11)
s+t 2Ry,

The effectivenese M can be evaluated by the following equa-
tion of reference 26.
tanh aw!
n = +Cc+CT
aw!

with which & = ARh/kt and Oy and Cp are corrections
for curvature and taper, respectively, and are evaluated
from figure 8,

This equation will reduce to equation (10) if wtt/2Rb
is neglected and if Cg+ Cr 1is assumed equal to zero as
for a fin of constant oross seotion:

h 2 w
U-;E = 1+ ﬁ) tanh aw' + sy (10)
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APPENDIX B
INTERCONVERSION OF STANTON NUMBERS

(For finned surface this method epplies to U/8G only; for
nonfinned surface the method spplies to h/cG)e Combining

q= G Sg (-T,)
..q= h A AT

(2)(2)-=-22

Por constant surface temperature or whem the temperature dif=-
ference is calculated on the basis of a fixed temperature,

oo
o¢/ \\8 AT,
(B @22 o
oG 8 ATy, - AT3

hy, A \ex, = AT,

G )u==g: ®

Solving for AT

and

gives

ATg= AT, (1-X3) (ar)

AT g = AT, (2-Xq)/(2+Xg)  (BY)
AT g =AT, ¢ XL | (ct)
By substituting equations (B!} and (C') in (A), (A') and

(¢*) in (B), and (A!) and (B!) in (C), the following table
is obtained, - : - - . .
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INTERCONVERSION OF STANTON NUMBERS BASTD
ON A CONSTANT SURFACE THEPERATURE
Known
il
Sought Xy Xg Xy,
2 X, -
X5 le0 L
— 2+ X
xﬂ. 2 X1 l-e-xL
e 2 3T
24Xy . 1+e™4L
1 [ 2%x )
X in ln | 228
L (1-}:1 ) \Z-xg
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TABLE I. DETAILS OF FINS AND JACKETS

*Cyl. Ref. Note 8 w t Dy e, 0; Ty r.
J 23 4,11 0.111 | 1.11 | o0.03 6.19 [ 71 | 71 |1.43 [1.43
D 24 4,11 0.111 | 1.11 | 0,03 6.19 | 50| 62 |2.97 |2.14
A,B,C,E | 24 | 4,11 | 0.111 |1.11 | 0.03 6.19 | 54 | 66 [2.21 |[1.14
Conv. | 28 4,11 0.111 [1.11 | 0.03 6.19 | 50 | 66 |2.96 [1.32
11 29 1,2,5,10 | 0.131 |[1.22 | 0.035 | 4.66 | 61 | 61 |[1.01 |[1.01
12 29 1,2,5,10 | 0.102 [1.22 |0.035 | 4.66 | 61 | 61 |1.08 [1.08
13 29 1,2,5,10 | 0.077 | 1.22 |0.035 | 4.66 | 61| 61 {1.16 |1.186
14 29 | 1,2,5,10 | 0.048 | 1.22 | 0.035 | 4.66 | 61 | 61 |[1.37 [1.37
| 15 | 29 _{ 1,2,5,10 | 0.022 |1.22 |0.035 | 4.66 | 61 | 61 |2.04 |2.04 |
18 29 1,2,5,10 | 0.101” | 0.87 | 0.035 | 4.66 | 63 | 63 | 0.90 [0.90
19 29 1,2,5,10 | 0.077 [0.97 |o0.035 | 4.66 | 63 | 63 [0.97 |0.97
20 29 1,2,5,10 | 0.048 | 0.97 |0.035 | 4.66 | 63 | 63 |[1.1¢ [1.14
21 29 1,2,5,10 | 0.022 [ 0.97 | 0.035 | 4.66 | 65 | 63 [1.783 [1.73
24 | 29 _| 1,2,5,10 | 0.101_| 0.67 | 0.035 | 4.66 | 64 | 64 [0.98 10.98
25 | 29 1,2,5,10 | 0.0"7 | 0.67 | 0.035 | 4.66 | 64 | 64 |1.05 [1.05
26 29 1,2,5,10 | 0.048 | 0.67 [0.035 | 4.66 | 64 | 64 |1.26 [1.26
27 29 1,2,5,10 | 0.022 | 0.67 |C.035 | 4.66 | 64 | 64 [1.83 [1.83
31 29 1,2,5,10 | 0.101 | 0.37 | 0.035 | 4.66 | 65 | 65 | 0.98 ]0.98
32 29 _| 1,2,5,10 | 0.0?7 | 0.37_|0.035 | 4.66 | 65 | 65 |1.06 j1.06 |
33 | 29 1,2,5,10 | 0.048 | 0.37 | 0.035 | 4.66 | 65 | 65 |1.21 [1.21
34 29 1,2,5,20 | 0.022 [ 0.37 |0.035 | 4.66 | 65 | 65 [1.83 |[1.83
35 29 1,2,6,10 | 0.080 | 3.00 |0.035 | 4.66 | 56 | 56 |1.09 [1.09
36 29 1,2,6,10 | 0.055 | 3.00 | 0.035 | 4.66 | 56 | 56 |1.24 [1.24
a7 29 _|1,2,6,10 | 0.028 | 3.00 |0.035_ | 4,66 | 56 | 56_]1.70 |1.70 |
— 38 | 29 1,2,5,10 [ 0.0357 | 0.37 | 0.035 | 4.66 | 65 | 656 [ 1l.44 |1.44
39 29 1,2,5,10 | 0.124 | 0.50 |0.026 | 3.66 | 56 | 56 |[1.48 [1.48
40 29 1,2,5,10 | 0.120 | 0.62 |0.030 | 6.34 | 66 | 66 [1.33 |1.33
57 29 1,2,5,10 | 0.010 | 0.67 [ 0.035 | 4.66 | 87 | 67 |1.32 [1.32
) 29 | 1,2,5,10 | 0.200 __4_0.854_0.050 | 4.66_| 57 | 57 |1.45 |1.45 |
59 | A3 1,2,4,10 | 0.200 [ 1.66 | 0.050 | 4.66 | 51 | 51 | 1.45 [1.45
c42 31 7,12 0.118 | ..654 | 0.039 | 6.30 | 60 | 60 |1.33 [1.33
cz8 31 7,12 0.118 | 1.101| 0.039 | 6.30 | 66 | 66 | 1.33 [1.33
Cle 31 7,12 0.118 | 0.552 | 0.039 | 6.30 | 75 | 75 [1.33 [1.33
o7 31 2,12 0.118 | 0.275) 0.039 | 6.30_| 81 | 81 |1.33 |1.33_|
B42™ | 31 7,12 0.118 [ 1.654 [ 0.079 | 6.30 | 60 | 60 | 1.67 |1.67
B28 31 7,12 0.118 | 1.101| 0.079 | 6.30 | 66| 66 | 1.67 |1.67
Bl4 31 7,12 0.118 | 0.552 | 0.079 | 6.30 | 75 | 75 |1.67 [1.67
B7 31 7,12 0.118_| 0.275| 0.079 | 6.30_| 81 | 81 |1.67 [1.67 |
A42 31 7,12 0.236 | 1.654 | 0.079 | 6.30 | 60| 60 | 1.33 [1.33
A28 31 7,12 0.236 | 1.101{ 0.079 | 6.30 | 66 | 66 |1.33 [1.33
Al4 31 7,12 0.236 | 0.552 | 0.079 | 6 30 | 75 | 75 |1.33 [1.33
A7 31 7,12 0.236 | 0.275] 0.079 | 6.30 | 81 | 81 | 1.33 [1.33
1 PaV 7,11 0.111 | 1.11 | 0.030 | 6.19 | 47 | 72 | 2.49 [1.37
Rep. | 7,11 0.111 [ 1.11 {0.030 | 6.19 | 47 | 72 |2.49 [1.37
3 upg 7,11 0.111 | 1.11 | €.030 | 6.19 | 47 | 72 | 2.49 [1.37
4 7 0.0578 | 1.05 | 0.0255| 6.26 | 47 | 72 |[3.02 |[1.66
5 Pav 7 0,048 | 1.21 | 0.030 | 6.2 47 | 72 | 2.65 {1.46
6 Rep. ? 0.100 | 1.10 | 0.040 | 6.2 47 | 72 | 2.79 |1.52
7 wys 5 0.116 | 0.605] 0.025 | 6.00 | 47 | 72 | 4.279 |2.36
] ?7,11,1 0.111 | 1.11 | 0.030 | 6.1 | 47 | 72 | 2.49 [1.37
9 7 0.110 | 1.126| 0.030 | 6.16 | 47 | 72 |2.42 |1.34
32 8,10 0.125 | 1.00 | 0.033 | 5.81 180° Segment
32 8,10 0.0625| 1.00 | 0.025 | 5.81 g0° "
32 8,10 0.031 | 1.00 | 0.016 | 5.81 45° n
32 8,10 0.016 | 1.00 | 0.006 | 5.81 22,50
3u 6,10 0.125 | 1.92 | 0.026 | 6.13 | 55 | 4%
35 13 0.185 { 1.00 | 0.065 | 6.00 0.987 |0.987
Plain 9,11 .1 . . .
| | * 3:38, | 1:838(8:9% | 5:78 Note 3

% The cylinder numbers are those used in the original references, 1- Chipped surface,

2- The clearance between the jacket and the fin tips is given in reference 30 as approxi-
aately .01". 3- Ses figure 9b for 3 baffles used, 4- Aluminum alloy, 5- Steel, 6- Copper.
7- Aluminum, 8- Brass, 9- High-silicon aluminum alloy. 10- t¢/t = 1 (no taper), 11~ t¢/t=
.67. 12- t¢/t=0 (triangular fin), 13- t{/t = .62, The values of the thermal conductivity
of metals presented in reference 5 were used except for the aluminum alloy of note 4, The
thermal conductivity of this alloy was given as 8,10 in Pratt and Whitney report W46,
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NACA ARR No. 4F28 FIGS. 9C,9D
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